The interrelationships among myofibrillar ATPase activity (Quant-mATPase), qualitative myofibrillar ATPase staining after acid (Acid-mATPase) and alkaline (Alk-mATPase) preincubations, and myosin heavy chain (MHC) composition were determined in frozen sections of soleus (Sol) and medial gastrocnemius (MG) muscle fibers from adult control cats and cats 6 months after complete spinal cord transection (Sp) .
Introduction
The ATPase activity of the myosin heavy chain (MHC) is highly correlated with the contractile velocity of whole skeletal muscle (Barany, 1967) and is the basis for the histochemical classification of individual muscle fibers as either fast or slow, as proposed by Brooke and Kaiser (1970) . The difference in myofibrillar ATPase (mATPase) activity between fast and slow muscles of mammals and birds is attributed, in part, to isozymes of myosin (Hoh, 1979; Hoh et al., 1976) . Antibodies specific for fast myosin label fibers with high alkali-stable mATPase activity and antibodies against slow myosin label fibers with low alkali-stable mATPase activity (Biral et al., 1988; Gauthier and Lowey, 1977,1979) . Furthermore, histochemical fiber typing based on mATPase activity depends primarily on the type of MHC present in the fiber (Pette and Staron, 1990; Pette, 1986,1987) .
In spite of being used frequently, the biochemical significance of the differential staining pattern for mATPase is poorly understood. The histochemical demonstration of mATPase is markedly Supported by NIH NRSA NIDR DE07212 (RJT) and by NIH grant NS16333 (RRR,VRE) fore, the limitations in comparing the results generated from d&rent laboratories using slightly d&rcnt procedures arc obvious. The situation becomes more confusing in experimental manipulations, such as chronic stimulation, functional overload, denervation, selfreinnervation, cross-reinnervation, spinal cord transection, and weightlessness, in which MHC adaptations occur in some fibers (see ' Mmadge et al.. 193; Pette and Vrbova, 1992; Roy et al., 19911) .
The purposes of the present study were to: (a) correlate both qualitative (acid and alkaline pre-incubation mATPase) and quantitative measures of mATPase with the types of MHG expressed in muscle fibers from the predominantly slow soleus (Sol) and the predominantly fast medial gastrocnemius (MG) muscles in adult cats; (b) evaluate the interrelationships between the different measures of mATPase, and (c) assess these interrelationships after spinal transection (Sp) and spinal uansection with weight-support cxercise (Sp-WS). Previous studies have documented an increase in the percentage of fast fibers in the cat soleus 6 months after Sp (45% fast fibers) or Sp-WS (31% fast fibers) compared with control (<I% fast fibers) (Jiang et al.. 1990a ) and in the deep region of the cat MG 6 months after Sp (85% fast fibers) or Sp-WS (85% fast fibers) compared with control (60% fast fibers) (Jiang et al., 1990b). In the present report the interrelationships among MHC content, alkaline pre-incubation mATPase (Alk-mATPase), acid preincubation "ase (Acid-mATFbse), and quantitative mAWase (Quant-mATPase) activities were determined for a subset of the animals used by Jiang et al. (199Oa, b) . A preliminary report of these results has been published in abstract form (Roy et al., 1990) .
Materials and Methods

Animals and Tissue Preparation
Muscles were obtained from three groups of adult female cats (n = 2 per group): control (Con), spinal transected (Sp), and Sp with daily weight support (Sp-WS). In Sp and Sp-WS cats, the spinal cord was transected completely at T4T13 and the cats were maintained for 6 months. Operative procedures and details of the postsurgical care of the cord-transccted cats have been described in detail elsewhere (Roy et al., 1991b) . Sp-WS cats were trained to maintain a standing posture, with an emphasis on full body weight support as described by Edgerton and Roy (1994) . Briefly, the Sp-WS cats were placed in a harness around the chest, and the hindlimbs supported the body weight for approximately 30 min per day, 5 daydweek beginning 1 month post transection.
Six months after surgery, the animal was sacrificed with an overdose of pentobarbital and the Sol and MG were removed. Tissue blocks (5 mm thick) from the midbelly of each muscle were mounted on cork and quick-frozen in isopentane chilled with liquid nitrogen. The frozen tissue blocks were stored at -7O'C. Serial cross-sections (10 pm thick) were cut from one block per animal in a cryastat (Reichert-Jung 2800 Frigocut E) at -20°C and placed on coverslips for histochemical staining of qualitative and q wtitative mATF'ase or placed on gelatin-coated slides for immunohistochemical demonstration of fast and slow MHCs.
Histochemical Methods
Qualitative mATplse. Sol and MG cross-sections were stained qualitatively for mATPase at an alkaline (Alk-mATpax, pH 8.75) and an acid (Acid-mATPase, pH 4.35) pre-incubation using amodifcation (Nwoye et al., 1982) of the Brooke and Kaiser (1970) method.
Quantitative mATPase. Sol and MG sections serial to those used for qualitative mATF'ase staining were stained for the quantitative determination of mATPase activity (Quant-mATPase). The method for quantitative mATPase staining was a modification (Jiang et al., 1990a) of the procedure ofweisberg et al. (1982) . Briefly, fmhly cut 10-pm cross-sectionswcreplaced in an incubation solution containing 20 mM barbital (pH 8.6), 18 mM calcium chloride, 5 mM sodium azide, 3 mM ATP, l mM magnesium chloride, 0.2 mM oubain, 0.1 mM calmidazolium (Fischer et al., 1987) , and 1% gelatin for 16 min at 37'C. The sodium azide, oubain, and calmidazolium were added to inhibit mitochondrial, sarcolemmal, and sarcoplasmic reticulum ATPases, respectiwly. The hlgh concentration of calcium also acted to inhibit sarcoplasmic reticulum ATPases. All successive steps were per- Table 2 
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Fiber type (n) (mean OD SD) formed at room temperature. After incubation, the sections were washed for 3 min in 1.5% CaClz containing 5 mM sodium azide and 0 . 2 mM oubain. The sections were then washed twice for 3 min each in 1.5% CaClz without sodium azide or oubain, rinsed for 5 min in H20. incubated in 3.6% CoClz for 5 min. rinsed for 9 min in H20, immersed in 1% (N&)zS for 25 sec, and finally rinsed in running H20 for 10 min. The stained sections were air-dried and mounted on glass slides with Aquamount (BDH Poole, UK) . With this technique, the staining intensity of individual fibers was linearly related to section thickness from 4 to 12 bm with an average r2 of 0.75 for 2 0 fibers (10 fast fibers and 10 slow fibers).
Immunohistochemistry. Individual cross-sections were double labeled for fast and slow MHC. The tissue sections, mounted on gelatin-coated slides, were successively incubated in (a) a blocking solution of 2% bovine serum albumin (fraction V; Sigma, St Louis, MO) and 2% rabbit serum Tissue Analysis. After histochemical staining of the tissue sections, a region of the cross-sections containing a total of 50 (Sol)-60 (MG. deep region) fibers per muscle was randomly selected for further analysis. Briefly, the sections stained for immunohistochemistry (one section), Quant-mATF'ase (five sections), and qualitative mATPase (two sections) were surveyed to find regions free of artifact in all eight serial sections. A portion of this region for each of the mATF'ase-stained sections was digitized as a gray level (range of gray levels 0-255) image, using a computer-enhanced image processing system (Martin et al., 1985) . The gray level for each picture element wac converted to an OD using a calibration curve that was linear up to 1.0 OD unit. For each fiber analyzed, a mean OD was determined. The values for Quant-mATF'ase are reported as OD/min, whereas the qualitative mATPase values are reported as the endpoint OD. The fibers in the digitized region (which represented about 0.5% of the entire Sol cross-section or of the deep region of the MG) were classified as slow (containing slow MHC only), fast (containing fast MHC only), or Fast-Slow (containing both slow and fast MHG) based on immunohistochemical staining with type-specific antibodies on serial sections as described above. For the control Sol, an attempt was made to include regions containing fast fibers, since this muscle normally contains less than 1% fast fibers.
Statistical AnalyseJ
Values are presented as individual values or means f SD. Linear regression analyses were performed to determine the interrelationships of mATF'ase staining among the different treatment groups. Slopes were determined to be significant at p<0.05. composition of the two Con Sol (-400 fibers analyzed per muscle) was 98 * 2 % slow fibers and 2 2% fast fibers, and <1% Fast-Slow fibers. The two Sp Sol (-300 fiberslmuscle) contained an average of 73 * 8% slow, 16 * 6% fast, and 11 2 1% Fast-Slow fibers.
Results
Fiber Type Composition
The two Sp-WS Sol (-300 fibers/muscle) contained an average of 75 k 9% slow, 19 * 11% fast, and 6 * 2 % Fast-Slowfibers. These values are consistent with the previously published data of Jiang et al. (1990a) . The mean fiber type composition of the two Con MG (-300 fibers/muscle) was 36 * 1% slow, 61 * 4% fast, and 3 * 4% Fast-Slow. The two Sp MG (-300 fiberslmuscle) contained an average of 17 * 2 % slow, 78 * 1% fast, and > k 1%
Fast-Slow fibers. The two Sp-WS MG (-300 fibers/muscle) contained an average of 16 * 3% slow, 79 k 6% fast, and 5 k 3%
Fast-Slow fibers. These values are consistent with the previously published data of Jiang et al. (1990b) . Given the similarity in the fiber type distributions reported in this study compared with a larger population of animals previously reported (Jiang et al., 1990a,b) , it appears that the interrelationships examined in detail in the present study are likely to be representative of a broader population of fibers in control and experimental muscles from cats.
Fiber Staining Characteristics
In both the Sol and MG, fibers that reacted exclusively with the slow MHC antibody had low Quam-mATPase activity and stained lightly for Ak-mATPase and darkly for Acid-mATPase (control Sol and MG shown in Figure 1 ). The opposite pattern was observed for fibers that reacted solely with the fast MHC antibody, i.e., fast MHC fibers had high Quant-mATF'ase activities and stained darkly for Alk-mATl?ase and lightly for Acid-mATPase. The mean Quant-mATPase activity of fast MHC fibers was twice that of the slow MHC fibers in both Sol and MG (Ebles 1 and 2). A third subgroup of fibers expressed both fast and slow MHCs (Fast-Slow fibers) and had an intermediate Quam-mATPase activity and an intermediate staining intensity for Acid-mATPase. Curiously, Fast-Slow fibers had Ak-mATPase staining intensities that were more similar to fast than to slow fibers.
Myofibrillar ATPase Staining Interrelationsh@s
The relationship between Quant-mATPase activity and Alk-mATF' ase is shown for Sol in Figure 2 . In the Sol, two distinct groups of fibers were identified and correlated with the presence of either fast or slow MHC. A positive linear correlation was evident in Con muscle, such that high Quant-mATPase activity was associated with high Alk-mAWase staining intensity. This correlation also was observed after spinalitation, although the relationship was not as strong in both the Sp and Sp-WS groups compared with Con. The distinction between the fast and slow fiber types was less evident in Sp and Sp-WS groups than in Con cats. This observation was due in part to the emergence of the Fast-Slow fiber type in the Sol muscle in both the Sp and Sp-WS groups, which had Quant-mATPase activities that were intermediate to the fast and slow MHC fiber types. In the MG of Con cats (Figure 3) . three distinct types of fibers (fast, slow, and Fast-Slow) were identified. There was a greater range in Quant-mATPase in the fast MHC fibers of the MG (0.010-0.029 ODlmin) than in the Sol (0.017-0.027 ODlmin). A positive relationship between Alk-mATPase staining intensity and Quant-mAVase activity was observed in control MG and persisted after spinalization, with the Fast-Slow fibers being intermediate between the fast fibers and the slow fibers (Figure 3 ). There was a clear inverse relationship between Acid-mATPase staining intensity and Quant-mATPase activity for all fibers in the Sol of each group (Figure 4) . In the MG of Con cats, an inverse relationship was observed if all fibers were considered collectively (solid line, slope = -17.848; Figure 5 ). but apositive relationship was observed for the fast MHC fibers alone (dotted line, slope = 13.377; Figure 5) . Neither Sp nor Sp-WS had an effect on these relationships. The values for the Fast-Slow MHC fibers were intermediate between the fast and slow fibers for both the Sol and MG.
Muscle Comparisons
Slow MHC fibers in the Sol and MG from Con cats had similar staining intensities for Alk-, Acid-, and Quant-mATPase ('Igbles 1 and 2). Curiously, in the MG of Sp and Sp-WS cats the mean Alk-, Acid-, and Quant-mATPase activities for slow fibers appeared to be slightly higher than in the Sol. The fast fibers in the MG had a much wider range of Quant-mATPase activities and showed a positive correlation between Acid-and Quant-mATPase, which were not obvious for the fast fibers in the Sol. The Fast-Slow fibers from the MG and Sol were similar for all three measures of mATPase.
Discussion
Mammalian skeletal muscle fibers are classified physiologically as either slow or fast in terms of their contractile velocity. Because it is not always possible to determine contractile characteristics of an individual fiber, it would be useful to have a means of classifying fibers according to subcellular properties that correlate with their functional properties. It appears that the intrinsic speed of m w l e contraction is determined largely by the myosin ATPase activity of the muscle (Barany, 1967) and that the maximal shortening velocity of an isolated muscle fiber is dependent on the type of MHC expressed (Reiser et al., 1985) . In addition, the type of MHC present in a fiber is correlated with the histochemical demonstration of mATPase (Staron and Pette, 1986; Billeter et al., 1981; Wagner, 1981) .
Recent studies have shown that within a single histochemical subtype, there is heterogeneity ofthe contractile properties (Sweeney et al., 1988) and the myosin heavy chain type (Mabuchi et al., 1984) . Sweeney et al. (1988) demonstrated a difference in shortening velocity between rabbit psoas and tibialis anterior type IIb fibers. Mabuchi et al. (1984) demonstrated that Type IIb fibers in rabbit masseter and tibialis anterior have different proteolytic peptide maps, which was attributed to differences in the MHC molecule. Since Type IId (also called IIx) fibers stain like Type IIb fibers under certain conditions and like Type IIa fibers under other conditions (Hhd&nen and Pette, 1993; Lind and Kemell, 1991; Gorza, 1990) , the differences in contractile and molecular properties observed in the Type IIb (histochemically defined) fiber populations may result from the presence of Type IId MHC in histochemically defined IIb fibers. However, both the psoas and tibialis anterior of rabbits contain primarily Type IM MHC, with very little Type IIb MHC (Aigner et al., 1993) . No data are available regarding Type IId MHC content of rabbit masseter. Therefore, some confusion exists regarding fiber type definition and classification.
In the present study, we have demonstrated how MHC content is related to the qualitative and quantitative mATPase staining profile of a muscle fiber in control and transforming feline muscle. Our results demonstrate that each mATPase reaction, including quantitative and qualitative (both Alk-and Acid-) mATPase, can be used to distinguish fibers that express specific MHCs. In both predominantly slow (Sol) and predominantly fast (MG) feline muscles, fibers that reacted with only the slow MHC MAb had low Quant-mATPase activity and stained lightly for Alk-mATPase and darkly for Acid-mATPase. The staining characteristics of slow MHC fibers were similar in Sol and MG, suggesting that slow MHC fibers are a relatively uniform population. Fibers that reacted exclusively with the fast MHC MAb displayed the opposite staining pattern and showed different staining characteristics in the MG compared with the Sol. These results apparently reflect different subtypes of fast MHC fibers (i.e., Types IIa and IIb) in the two muscles, e.g., the Sol contains a small percentage of Type IIa fibers in addition to a predominance of Type I (slow MHC) fibers, whereas the MG contains predominantly IIb, with small percentages of Types IIa and I. Therefore, the wider range of Quant-mATPase activities observed for fast MHC fibers in the MG compared with the Sol is probably due in part to the different subtypes of fast MHC expressed by these fibers. In addition, the positive slope observed for the fast MHC fiber population in the MG when Aci d-"
and Quant-mATPase were compared (see Figure 5 ) may result from the inclusion of more than one subgroup of fast fibers. It is suspected that the IIB fibers would have a higher Quant-mATPase activity, based on single fiber contractile studies (Bottinelli et al., 1991) . and a higher Acid-* activity, based on histochemical studies (Pette and Staron, 1990) , than IIa fibers. Therefore, the positive relationship for the fast MHC fibers in the MG observed in Figure 5 was not unexpected.
The Fast-Slow fibers formed a continuum in staining intensity b e m n slow fibers and fast fibers when assayed for Quant-mP;TPdsc and Aci d-" .
As noted earlier, Fast-Slow fibers stained similar to fast fibers when assayed for Alk-mATPase. The actual proportions of fast and slow MHC contained within Fast-Slow fibers are unknown, since the immunohistochemical procedure for identifying MHC content is not quantitative. Therefore, it can be concluded that Alk-mATPase measures the fastest MHC present in the fiber, whereas Aci d-"
and Quant--yield an average "T-Pase activity associated with the proportion of MHC types within the fiber.
Previous studies have demonstrated that the Sol and MG muscles and motor units in chronic spinal kittens and cats become "faster," based on biochemical, histochemical, and physiological criteria (Roy et al., ,1991a Jiang et al., 1990a,b; Cope et al., 1986; Baldwin et al., 1984 Baldwin et al., ,1989 . The percentage of fibers expressing fast MHC and co-expressing slow and fast MHC in Sol and MG is increased after spinalization (Jiang et al., 1990a,b) . However, the present data show that the linear correlations among mATPase staining and MHC isoform content of a fiber remained normal after spinalization. These data suggest that changes in mATPase activity of single fibers may be due to shifts in MHC isoform content. It should be noted that a range in Quant-mATPase activities was observed for a population of fibers with the same MHC type. Therefore, other factors, which may include myosin light chain composition, and myofibrillar density, may contribute to these small increments of mATPase activity.
In summary, the present results suggest that mATPase activity is highly correlated with the type of MHC expressed in the fibers of feline Sol and MG. Furthermore, muscle fibers that express either slow MHC, fast MHC, or Fast-Slow MHCs in predominantly slow and predominantly fast muscles of the limb can be determined rather accurately using a combination of quantitative and qualitative measures of mATPase activity. The relationship among the different techniques for mATF'ase were consistent even within muscles undergoing fiber type transformation.
